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Background: Until now the knowledge about nucleon resonances with a mass higher than 2 GeV has been scarce. Huge amounts of experi-
mental data of the multipion photoproduction have been accumulated, and more can be expected in the future in facilities such as JLab
12 GeV. It makes it possible to investigate the decay of a nucleon resonance into another nucleon resonance.
Purpose: The possibility to research the decay of the N(2120) to nucleon resonances near 1.7 GeV in the three-pion photoproduction will be
explored to provide useful information for future experimental study.
Method: The pion and radiative decay amplitudes of nucleon resonances are studied within the constituent quark model, which is used to
calculate the couplings constants, especially for the decay of a nucleon resonance near 2.1 GeV to another nucleon resonance near 1.7
GeV. The three-pion photoproduction off the neutron target, i.e.,γn → pi−pi−∆++ → pi−pi−pi+p, is investigated based on the effective
Lagrangian method with the coupling constant obtained form the decay amplitudes.
Results: The resonance contribution with a state N(2PM) 32
−
near 2.1 GeV decaying to a state N(4PM) 52
−
near 1.7 GeV, i. e., N(2120) →
N(1675)pi is dominant in the process considered. The total cross section from the resonance contribution is at the order of 1 µb and can
be easily distinguished from the background.
Conclusions: Our results suggest it is practicable to research the decay of the N(2120) to the N(1675) in experiment.
PACS numbers: 14.20.Gk,13.30.Eg, 13.60.Rj, 12.39.Jh
I. INTRODUCTION
With improvement of experimental technique, the under-
standing about nucleon resonances has deepened in recent
years. More nucleon resonances near 1.9 GeV were listed
in the new version of the review of particle physics [Particle
Data Group (PDG)] [1], which is a great progress about the
long standing “missing resonances” problem. However, the
knowledge about resonances with mass higher than 2 GeV
are still scarce. The nucleon resonances observed is much
less than those predicted in the constituent quark model. For
the nucleon resonances observed, the internal structure is still
in controversy. For example, based on the prediction in the
constituent quark model [2, 3], a nucleon resonance near 2.1
GeV, which is the third N3/2− state, should play an important
role in the Λ(1520) photoproduction[4, 5]. However, Klempt
claimed that the N(1875) instead of N(2120) is the missing
third N3/2− state [6].
It was predicted in the constituent quark model that more
nucleon resonances will be found in the higher mass region.
For example, the number of N = 2 shell states is much larger
than that of N = 1 shell states. It requires experimental data
from more channels to distinguish the predicted nucleon reso-
nances above 2 GeV. Currently most information about nu-
cleon resonances is extracted from pion nucleon scattering
and single meson photoproduction. A high-mass nucleon res-
onance is prone to decay into a baryon resonance with a me-
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son, which provides a new way to detect internal structure
of high-mass nucleon resonance. In recent years, a few at-
tentions have been attracted by the decay of a nucleon reso-
nances to a baryon resonance. For example, due to the high
thresholds of the Λ(1520) and Σ(1385) photoproductions it
was suggested by several authors that the new experimental
data released by the CLAS Collaboration [7] are very use-
ful to study a nucleon resonance near 2.1 GeV [4, 8, 9]. In
order to analyze various isospin channels of double-pion pro-
duction in nucleon-nucleon collisions, the contribution from
∆(1600) decaying to the Roper resonance N(1440) in process
NN → NNpipi was mentioned [10]. However, up to now only
the branch ratio of ∆(1600) → piN(1440) has been provided
by the PDG [1].
The two-pion and three-pion photoproductions have been
measured in many facilities, such as CLAS@JLab and
MAMI, and a large amount of data have been accumulated in
recent years. Most analyses about these data aimed to study
the light meson spectrum and to search for the exotic meson.
Besides the light meson production with t channel exchange
mechanism, if the photon carries enough energy the initial
nucleon will be excited to a nucleon resonance with a mass
higher than 2 GeV, then decay to a baryon resonance with
lower mass. For example, the Λ(1520) and Σ(1385) photo-
productions are extracted from multimeson photoproduction
with nucleon [7]. The high energy and high intensity photon
beam in the CLAS@JLab experiment provides an opportunity
to study nucleon resonance in the high-mass range. In the fu-
ture experiments at GlueX and CLAS12 detectors, more data
will be collected, which makes it more feasible to study the
decay of a nucleon resonance into another resonance.
One reaction of interest is γn → pi−pi−∆++ → pi−pi−pi+p,
which is a typical three-pion photoproduction reaction. In
2data analysis it is easy to reconstruct ∆++, so the two-pion
production combined with a ∆++ instead of the full three-pion
photoproduction will be considered in this work. Moreover,
it is easy to detect in experiment due to the charged final par-
ticles. In this work, we will focus on the decay of a nucleon
resonance near 2.1 GeV, especially the interesting N(2120).
According to the PDG [1], the resonances with large branch
ratios in the ∆pi channel concentrate around 1.7 GeV. Hence,
the decays of nucleon resonances near 2.1 GeV to a nucleon
resonance near 1.7 GeV are focused on in this work. The de-
cay amplitudes will be studied in the constituent quark model.
And the coupling constants for the radiative and strong de-
cays will be calculated from the decay amplitudes. With the
coupling constants obtained, the cross section of pion pho-
toproduction off the neutron target with the ∆ baryon, i.e.,
γn → pi−pi−∆++, will be studied by using the effective La-
grangian method.
This article is organized as follows. The model used in this
work is presented in the next section. The interaction mecha-
nisms of γn → pi−pi−∆++ are presented and the possible back-
grounds are also discussed. The coupling constants for pion
decays of nucleon resonances are studied in the constituent
quark model under SU(6) ⊗ O(3) symmetry. The numerical
results are given in Sec. III. A brief summary is given in the
last section.
II. MODEL
A. Interaction mechanism
The interaction mechanisms for the process γn → pi−pi−∆++
can be divided into two categories, namely, resonance contri-
bution and background contribution. The resonance contribu-
tion, which is focused on in this work, includes mechanisms
with the decay of a nucleon resonance to another nucleon res-
onance. As illustrated in Fig. 1, photon γ strikes on neutron
n and excites it to a nucleon resonance R′0 with higher mass,
such as about 2.1 GeV. Then this nucleon resonance R′0 de-
cays to a lower resonance R+, which decays to ∆++ with a
pion meson finally.
γ
n
pi− pi−
∆++
R′ R
FIG. 1: Feynman diagrams for the resonance contribution of γn →
pi−pi−∆++ reaction.
To calculate the amplitudes of these diagrams, it is essential
to know the Lagrangians for a vertex for excitation of neutron
to nucleon resonance R′0, a vertex for pion decay of a nucleon
resonance R′0 to R+ and a vertex for pion decay of a nucleon
resonance to ∆++. Such Lagrangians have been constructed
in Refs. [11–13] for the resonances with arbitrary half-integer
spin, which are in the forms of
L
γNR[ 12
±] =
e f2
2MN
¯NΓ(∓)σµνFµνR + H.c., (1)
LγNR[J±] = −i
n f1
(2mN)n
¯N∗γν∂µ2 ...∂µn Fµ1νΓ±(−1)
n+1
Rµ1µ2...µn
+
in+1 f2
(2mN)n+1 ∂ν
¯N∂µ2 ...∂µn Fµ1νΓ±(−1)
n+1
Rµ1µ2...µn
+ H.c., (2)
where Rµ1µ2...µn is the field for the resonance with spin J =
n+1/2, and Γ(±) = (iγ5, 1) for the different resonance parities.
The Lagrangian for the strong decay can be written as
LR′[ 12 ±]piR[ 32 ∓] =
ig2
2Mpi
∂µpi ¯R1Γ(±)R + H.c., (3)
LR′(J±)piR[ 32 ∓] =
i2−ng1
(2mpi)n
¯R∗1µ1γν∂ν∂µ2 ...∂µnpi
× Γ±(−1)n Rµ1µ2...µn
+
i1−ng2
(2mpi)n+1
¯R∗1α∂α∂µ1∂µ2 ...∂µnpi
× Γ±(−1)n Rµ1µ2...µn + H.c.. (4)
The coupling constants will be calculated with the help of the
constituent quark model in the next section. The isospin struc-
ture for ∆∗piN∗ interaction reads
¯∆∗T 3
2
· piN∗ = (
√
3pi−∆∗++ +
√
2pi0∆∗+ + pi+∆∗0)N∗+
+ pi−∆∗+N∗0 +
√
2pi0∆∗0N∗0 +
√
3pi+∆∗−N∗0.
(5)
Besides the resonance contribution from cascade decay of
nucleon resonance, there exist other interaction mechanisms,
i. e., background contribution. In experiment, the two-pion
production with t channel is often used to research the ex-
otic meson. Fortunately, it is not involved in the process
γn → pi−pi−∆++ because there does not exist a meson with
charge Q = −2. The mechanisms in Figs. 2(a) and 2(b) with
resonances R+ are not considered in this work because the ex-
perimentist can remove such contributions based on the pi−∆++
invariant mass spectrum. Hence, the background contribution
is mainly from two mechanisms with proton p as shown in
Fig. 2 . The contact term is essential to keep the gauge in-
variance.
γ
n
pi−
pi−
∆++
pi
N,R
γ
n
N,R
∆++
pi−
pi−
(a) (b)
FIG. 2: Feynman diagrams of background contribution for γn →
pi−pi−∆++ reaction. (a) t-channel, (b) contact term.
3The interaction Lagrangians used in calculation of back-
ground contributions are [5, 14],
LpiNN = −igpiNN ¯Nγ5γµτ · ∂µpiN,
LpiN∆ = gpiN∆
mpi
¯N∂µpi∆µ,
LγNN = −e ¯N
[
QN A/ − κN4MN σ
µνFµν
]
N,
Lγpipi = ie[(∂µpi†)pi − (∂µpi)pi†]Aµ,
LγpiNN = − ieQpigpiNNMN
¯Nγ5τ · ∂µpiAµN, (6)
where Aµ, pi, N and ∆ denote the fields for the photon, pion
meson with mass mpi, nucleon with mass mN and ∆, respec-
tively. Here Qh is the charge in the unit of e =
√
4piα.
The anomalous magnetic momentum of the neutron is κn =
−1.913 [1]. The antisymmetric tensor is defined by σµν =
i
2 (γµν − γνµ) and Fµν = ∂µAν − ∂νAµ. The coupling con-
stant of gpiN∆ can be obtained by the experimental decay width
Γ∆→piN = 116−120 MeV [1] as gpiN∆ = 2.16±0.02. The piNN
coupling constant is chosen as g2
piNN/4pi = 14.4.
The form factor should be introduced to reflect the internal
structure of hadrons. For the t-channel exchange in Fig. 2 (a),
form factor has a form
Fpi(t) =
Λ2pi − m2pi
Λ2pi − t
, (7)
where t is the square of the four-momentum of exchanged pi
meson. The cut off Λpi is usually chosen close to 1 GeV. For
the intermediate s channel theform factor is of the form
F(s) =
 nΛ4R,N
nΛ4R,N + (s − M2R,N)2

n
, (8)
where s is the square of the four-momentum of resonances
and nucleon, and the parameter n = 1 or 2 for the nucleon or
resonance intermediate s channel, respectively. The cut offs
will be discussed in Sec. III B.
B. Decay of nucleon resonance in the constituent quark model
To calculate the resonance contribution it is necessary to de-
termine the coupling constants for the decay of nucleon reso-
nances in Eqs. (1)-(4). In Ref. [15] the coupling constants was
related to the decay amplitudes and this method was applied
in the studies about Λ(1520) and Σ(1385) photoproductions
[4, 5, 8]. The decays of a nucleon resonance to a resonance
has not been studied in the literature. In this work, the he-
licity amplitudes of radiative and strong decay amplitudes of
nucleon resonances will be calculated within the constituent
quark model following the method in Ref. [16].
The decay amplitudes is obtained by making a nonrelativis-
tic reduction of quark-photon/meson interaction. The ampli-
tudes are calculated by sandwiching this interaction between
initial and final states under the SU(6) ⊗ O(3) symmetry. For
example, the definition of the helicity amplitude is as below,
Aλ =
1√
2|k|
〈N, λ − 1)| − iHγ|R, λ)〉 (9)
where |k| = (M2R−M2n)/(2MR) with k being the momentum of
photon in the center of mass system of the decaying nucleon
resonance, with MR and Mn being the masses of resonance
and neutron and λ = 1/2 or 3/2 being the helicity. The ex-
plicit form of the interaction and decay amplitude for meson
emission have been given explicitly in Ref. [16].
Here we adopt a non-relativistic constituent quark model
to calculate decay amplitudes. Although this approach re-
sults in some loss of ”model” accuracy, the non-relativistic
constituent quark model can provide a general description of
the hadron spectroscopy, which is enough in the current work.
In Ref. [17], it has been found that for light-quark mesons
and baryons, the relativistic quark potential model supports
the non-relativistic calculations in general.
With the radiative and strong decay amplitudes obtained the
coupling constants f1, f2, g1 and g2 are determined by the
method following Refs. [4, 5, 8, 15]. Since there are two am-
plitudes A1/2 and A3/2 for the resonances with J > 1/2, the
coupling constants f1 and f2 in LRnγ can be extracted from
the helicity amplitudes of the resonance R, An1/2 and A
n
3/2. The
amplitudes for a state with JP = 3/2− reads,
An1/2 =
e
√
6
12
√
|k|
Mn MR
[
f1 + f24M2n
MR(MR + Mn)
]
, (10)
An3/2 =
e
√
2
4Mn
√
|k|MR
Mn
[
f1 + f24Mn (MR + Mn)
]
. (11)
The coupling constants g1 and g2 can be calculated analo-
gously. For the nucleon resonances with JP = 3/2− decaying
to a state with JP = 5/2− with a pion, the decay amplitudes
have a form,
Api3/2 = −
√
3g1
(2Mpi)2BF , (12)
Api1/2 = −
g1√
2(2Mpi)2
(
2|ppi|2
MR(MR + ER) + 3
)
BF
+
√
2g2
(2Mpi)3
|ppi|(ER + MR)√
5MR(ER + MR)
B2, (13)
where B =
(
Epi
MR
+
|ppi |2
MR(MR+ER) + 1
)
|ppi| and F = Epi (ER+MR)+|ppi |
2
√
5MR(ER+MR)
with ppi and Epi being momentum and energy of pi−. MR and
ER are mass and energy for a resonance R, respectively.
For a nucleon resonance with 5/2− decaying to ∆pi, we have
Api3/2 =
i
√
3g1
(2Mpi)2D, (14)
Api1/2 =
ig1√
2(2Mpi)2
(
2|ppi|2
M∆(M∆ + E∆) + 1
)
D
+
i
√
2g2
(2Mpi)3
|ppi|3√
5M∆(E∆ + M∆)
B′ , (15)
4where B′ =
(
Epi
M∆ +
|ppi|2
M∆(M∆+E∆) + 1
)
|ppi| and D =
(E∆+M∆+Epi)√
5M∆(E∆+M∆) |ppi|
2
. M∆ and E∆ are mass and energy for
∆, respectively.
III. RESULTS
The decays of nucleon resonance R′ near 2.1 GeV to nu-
cleon resonance R near 1.7 GeV are focused on in the current
work. The radiative decay widths for R′0 → nγ and the strong
decay widths for R+ → pi−∆++ can be used to preliminarily
select the nucleon resonances R and R′ which are important
in the resonance contribution. With the dominant channels se-
lected, the cross sections of process γn → pi−pi−∆++ will be
calculated and the possibility of the experimental study will
be discussed.
A. Decay amplitudes and coupling constants
The numerical results of helicity amplitudes for radiative
and pion decays are listed in Tables I and II and the values
suggested for three or four star resonances listed in the PDG
are also presented for comparison. The resonances, which are
not in the mass range concerned in this work, are excluded
based on Ref. [18]. The state under SU(6) ⊗ O(3) in con-
stituent quark model is labeled by the notation X(2S+1Lpi)JP
in which X = N or ∆, S is the quark total spin, L is the
orbital angular momentum, pi is the permutational symme-
try(symmetric,mixed,antisymmetric)of the spatial wave func-
tion, and JP is the total angular momentum and parity of the
state.
One can find that the values obtained in the constituent
quark model without mixing effect are comparable with the
suggested values by the PDG [1]. Among the resonances
near 2.1 GeV, the radiative decay widths of states N(4PM) 32
−
,
N(2PM) 32
−
and ∆(2PM) 32
−
are much larger than the decay
widths of other resonances. And among the resonances near
1.7 GeV, state N(4PM) 12
−
, which corresponds to the N(1650),
and state N(4PM) 52
−
, which corresponds to the N(1675), have
relatively large decay width in pi−∆++ channel.
The helicity amplitudes for R′0 → R+pi− can be calculated
analogously, which are tabulated in Table III. Here only the
nucleon resonances selected in the above step are considered.
In the channel N(2PM) 32
− → N(4PM) 52
−
pi−, a much large de-
cay width can be found, which is expected to dominate in the
total process.
Based on the analysis above, two channels γn →
N(4PM) 32
− → N(4PM) 12
−
pi− → ∆++pi−pi− and γn →
N(2PM) 32
− → N(4PM) 52
−
pi− → ∆++pi−pi− will be considered
in the calculation of the cross section and larger contributions
are expected from the later channel. The coupling constants f1
and f2 for radiative decay and g1 and g2 for pi− decay can be
calculated with the formalism given in the previous section.
The explicit values of the coupling constants for the selected
channels are listed in Table IV. As shown in Eq.(3), there is
TABLE I: The amplitudes and decay width for R′0 → nγ. The ex-
perimental values are given under the theoretical values for three or
four star resonances listed by the PDG [1].
State An3/2 [GeV−1/2] An1/2 [GeV−1/2] Γ [MeV]
N(4DM) 72
+ −0.023 -0.018 0.020
N(2PM) 32
− −i0.057 i0.015 0.180
N(4PM) 32
− i0.079 i0.015 0.328
N(4DM) 32
+ 0.018 −0.010 0.002
N(1900) −0.010 ± 0.004 −0.011 ± 0.007
N(4PM) 52
− −i0.063 −i0.045 0.080
∆(4DS ) 72
+ −0.045 −0.035 0.071
∆(1950) −0.076 ± 0.012 −0.097 ± 0.010
∆(2PM) 32
− i0.073 i0.088 0.561
∆(4DS ) 32
+ −0.036 0.021 0.070
∆(1920) −0.040 ± 0.014 0.023 ± 0.017
∆(4DS ) 12
+ −− −0.021 0.035
∆(1910) −− 0.020 ± 0.010
∆(4DS ) 52
+ 0.057 0.013 0.095
∆(1905) 0.022 ± 0.005 −0.045 ± 0.010
∆(2PM) 12
− −− i0.075 0.077
TABLE II: The amplitudes and decay width for R+ → pi∆. The
suggested values by the PDG are listed in the last column [1].
S tate PDG Api3/2 Api1/2 Γ [MeV] Exp. [1]
N(4PM) 12
− N(1650) −− i0.501 14.2 0-34
N(4PM) 52
− N(1675) −i1.182 −i0.847 43.4 65-90
N(2DS ) 52
+ N(1680) −0.533 0.000 4.0 6-20
N(2S M) 12
+ N(1710) −− −0.067 0.3 8-40
N(2DS ) 32
+ N(1720) −0.282 −0.208 4.2
TABLE III: The amplitudes and decay width for R′0 → R+pi−.
Channel Api3/2 Api1/2 Γ [MeV]
N(4PM) 32
− → N(4PM) 12
−
pi− −− 1.520 29.40
N(4PM) 32
− → N(4PM) 52
−
pi− 0.856 1.091 23.46
N(2PM) 32
− → N(4PM) 12
−
pi− −− 1.373 23.99
N(2PM) 32
− → N(4PM) 52
−
pi− −2.869 −3.134 220.18
∆(2PM) 32
− → N(4PM) 52
−
pi− −1.006 −0.929 13.68
∆(2PM) 32
− → N(4PM) 12
−
pi− −− 0.501 2.03
only one coupling constant g2 for the decay of a state with
5spin 3/2 into one with spin 1/2. The analogous can be found
for the decay of a state with spin 1/2 into one with spin 3/2.
TABLE IV: The coupling constants f1 and f2 for radiative decay and
g1 and g2 for pi− decay.
Channel f1 f2
N(2PM) 32
− → γn −0.938 0.705
N(4PM) 32
− → γn 0.593 -0.119
Channel g1 g2
N(4PM) 52
− → ∆++pi− −0.074 6.664
N(4PM) 12
− → ∆++pi− −− 0.101
N(2PM) 32
− → N(4PM) 52
−
pi− 0.130 6.929
N(4PM) 32
− → N(4PM) 12
−
pi− −− 3.733
B. Cross sections and Dalitz plot
With the Lagrangians and the coupling constants obtained
in the previous section, the cross section versus the photon-
beam energy Plab is calculated with the help of code FOWL
in the CERNLIB program. The cross sections from the res-
onance contribution with the variation of the beam energies
Plab is presented in Fig. 3.
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FIG. 3: (Color online) The total cross section for γn → pi−pi−∆++
from the resonance contributions versus the photon-beam energy
Plab. The panels (a) and (c) are obtained with variation of widths
of higher resonance from 0.25 to 0.45 GeV with the cut off Λ = 1.0
GeV. The panels (b) and (d) with variation of the cut off of higher
resonance from 0.7 to 1.3 GeV with width Γ = 0.3 and 0.15 GeV for
the higher and lower resonances,respectively.
The decay widths in Tables I-III suggest that the most
important contribution is from the mechanism with decay
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FIG. 4: (Color online) The total cross section for γn → pi−pi−∆++
with width ΓN(2120) = 0.45 and 0.25 GeV and cut off Λ = 1 GeV. The
solid (red), dashed (black) and dotted (blue) lines are for full model,
resonance contribution and background contribution.
N(2PM) 32
− → N(4PM) 52
−
. It is confirmed by the numeri-
cal results as shown in Fig. 3 where both results with de-
cay N(2PM) 32
− → N(4PM) 52
−
and results of the second most
important mechanism with decay N(4PM) 32
− → N(4PM) 12
−
are illustrated. The uncertainties arising from the total decay
widths and cut offs are also considered. The results with vari-
ation of widths from 250 to 450 MeV are shown in Fig. 3(a)
and 3(c) and the results with variation of cut off from 0.7 to
1.3 GeV is shown in Fig. 3(b) and 3(d). After these uncertain-
ties are considered, one can find that the contribution from
the mechanism with decay N(2PM) 32
− → N(4PM) 52
− is more
important than these with other cascade decays. In the con-
stituent quark model, the state N(2PM) 32
−
corresponds to the
N(2120) and the state N(4PM) 52
−
corresponds to the N(1675).
Hence, one can say that in the process γn → pi−pi−∆++ the con-
tribution from the mechanism with the decay of the N(2120)
to the N(1675) is dominant. And the cross section is at order
of 1 µb.
In Fig. 4 the total cross sections with background contri-
bution with Λ = 1.0 GeV and ΓN(2120) = 0.45 and 0.25 GeV
are presented. The Dalitz plot is also shown in Fig. 5 for refer-
ence. The resonance contribution is significant compared with
the background.
IV. SUMMARY
In the present work, the possibility to reseach the decay
of the N(2120) to the N(1675) in photoproduction γn →
pi−pi−∆++ is explored. The decay amplitudes of nucleon res-
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FIG. 5: The Dalitz plot for the process γn → pi−pi−∆++.
onances are calculated in the constituent quark model. The
results suggest that a mechanism with decay of the N(2120)
to the N(1675) is dominant in the process γn → pi−pi−∆++.
Other contributions from other nucleon resonances are rela-
tively small and can be neglected.
Numerical calculations for the cross section of the process
γn → pi−pi−∆++ are performed with the effective Lagrangians
and the coupling constants obtained from the decay ampli-
tudes. The results confirm that the mechanism with decay of
the N(2120) to the N(1675) is dominant and the background
contributions are very small. The total cross section of pro-
cess γn → pi−pi−∆++ is at order 1µb, which is large enough to
be studied in JLab.
Due to the small background contribution, the peak near 2.1
GeV as shown in Fig. 4 is an obvious signal in experiment to
search for the N(2120). According to our calculation, selec-
tion of the N(1675) after reconstruction from∆pi will make the
signal for N(2120) clearer because of the large decay width of
N(2120) → N(1675)pi. This interesting exploration of nu-
cleon resonance near 2.1 GeV can be performed in the future
experiments of CLAS12@JLab.
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